Introduction
Magnetite, Fe 3 O 4 , has attracted great attention recently in spintronics due to its presumed full spin polarization of the charge carriers at the Fermi level, 1 its relatively high electronic conductivity at room temperature and its high Curie temperature of 860 K. 2 . One third of the Fe ions occupy the tetrahedral A-sites, whereas the rest of the Fe 2+ and Fe 3+ occupy the octahedral B-sites. Single-crystal magnetite films have been often grown on oxide single crystal substrates. In particular, MgO is the most popular due to a low lattice mismatch, 0.3%, for the 001 orientation. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Other oxide single-crystal substrates such as SrTiO 3 have also been successfully used, despite the high lattice mismatch, i.e. À7.5%. [14] [15] [16] [17] [18] [19] [20] [21] However, the integration on ferromagnetsemiconductor hybrid devices requires the growth to be performed on silicon platforms. Thus, a required step is the epitaxial growth of Fe 3 O 4 films on silicon wafers with similar properties to those grown on oxide single crystals. This is challenging due to the structural and chemical differences between Fe 3 O 4 and silicon. When magnetite is directly grown on the native oxide of Si, polycrystalline films are obtained. 6, 17, [22] [23] [24] [25] [26] This is due not only to the lattice mismatch, but also to the chemical bonding at the interface. 25 The use of buffer layers is thus a necessary requisite for this integration. MgO and TiN are two good candidates that can be used as buffer layers on Si(001) substrates for the epitaxial growth of Fe 3 O 4 . MgO buffer layers 27 have the problem of Mg interdiffusion with Fe 3 O 4 at the high temperatures required for good quality growth. 7, 28 Instead, TiN buffer layers are already employed as a diffusion barrier in silicon technology and have good stability at high temperatures. The E22% lattice misfit between TiN and Si(001) forces some type of strain relaxation at their interface. Typically, epitaxial growth is possible in the so-called 5-on-4 cube-on-cube bulk superstructure, 29 where 5 unit cells of TiN (0.424 nm) sit on 4 unit cells of Si (0.543 nm). Depending on the TiN deposition conditions, sometimes a 4-on-3 cube-on-cube growth has been observed. 29, 30 In both cases, the resulting overall mismatch of the TiN on Si(001) is À2.4% and 4% respectively. An added advantage if Fe 3 O 4 is intended to be used as a magnetic electrode on TMR (tunnel magnetoresistance junctions) is that TiN forms a highly conductive underlayer which can improve the uniformity of the current distribution at the electrode. The goal is then to control the magnetic properties of magnetite, especially magnetic anisotropy, when grown on TiN/Si(001). The reported works on the epitaxial growth of Fe 3 O 4 on Si(001) using TiN buffer layers are scarce. [31] [32] [33] Only Xiang et al. 32 have studied the magnetic anisotropy of the system Fe 3 O 4 /TiN/Si(001), but they found an unexpected isotropic magnetic behaviour instead of the fourfold symmetry presumed for (001) epitaxial films. The magnetic properties of Fe 3 O 4 thin films are strongly affected by the presence of structural growth defects such as antiphase boundaries (APBs). APBs are common in magnetite thin films and are responsible for local anti-ferromagnetic ordering of the spins. The presence of APBs depends on the growth technique, the growth parameters (such as temperature or oxygen partial pressure), the nature of the substrate and the thickness of the films. 13 Since IBAD allows the independent control of both the number and energy of the Fe and O atoms impinging on the substrate, this technique is suitable for controlling the stoichiometry of the deposited film. Therefore, we have also investigated the effect induced by the presence of Fe vacancies on the magnetic behaviour of non-stoichiometric magnetite thin films.
Experimental
Magnetite thin films were deposited on Si(001) substrates using a dual ion beam sputtering system. Prior to deposition, the native SiO 2 was removed by dipping the substrate into a 5% HF solution for 2 min. TiN buffer layers were deposited on Si(001) by Ar + ion sputtering from a 99.9% pure TiN target with a 3 cm Kaufmann-type ion source. Fe 3 O 4 thin films were grown from a pure iron (99.99%) target under simultaneous bombardment of the deposition layer with a controlled mixture of low-energy oxygen and argon ions from an end-Hall ion source. The O 2 relative flow rate was adjusted to 13.3% of the total flow rate before introduction in the assisting ion source to obtain stoichiometric magnetite, and it was increased to obtain nonstoichiometric compounds. The total flow of Ar and O 2 at the assisting ion source was 1.5 sccm. The sputtering conditions were kept constant with the Fe atom current density at the substrate fixed at J Fe = 1.4 mA cm À2 and the energy of the sputtering Ar + ions fixed at 600 eV. The energy and current density of the assisting ion beam show small variations due to the composition of the beam, as shown in Table 1 , which also collects a summary of the deposition conditions. The assistance deposition conditions have been optimized previously on amorphous substrates, 40 where the increase of O/Fe atoms as the current density increases competes with a preferential sputtering of oxygen atoms as the energy increases. Both TiN buffer layers and magnetite layers were deposited at a constant substrate temperature of 350 1C.
The bilayer was deposited in a vacuum chamber with a base pressure of 2 Â 10 À5 Pa. During deposition the pressure was maintained at 3 Â 10 À2 Pa and the substrates were rotated at 2 rpm to increase the homogeneity of the deposit. The oxygen partial pressure used during deposition was maintained constant during the cooling process, after deposition, until the temperature was below 150 1C. The crystalline structure of the different films and the outof-plane lattice parameters were analyzed by X-ray diffraction (XRD) using a Panalytical X'pert PRO in theta/2theta configuration using Cu K a radiation (l = 1.5418 A). Low-energy electron diffraction (LEED) was performed after cleaning the surface by several cycles of sputtering with Ar + ions at 1 keV. The LEED had a typical electron beam size of 1 mm 2 and was performed in a rear-view four grid optics diffractometer. 57 Fe integral conversion electron Mössbauer spectroscopy (ICEMS) data were recorded at room temperature in constant acceleration mode using a 57 Co(Rh) source and a parallel plate avalanche counter. The spectra were computer-fitted and the isomer shifts were referred to the centroid of the spectrum of a-Fe at RT. The in-depth composition and thickness of the different layers were determined by Rutherford backscattering spectroscopy (RBS) in a 5 MV tandem accelerator using two different 4 42 RBS has also been used to estimate the thickness of the samples by considering a mass density of 5.15 tively. The thicknesses of the different layers and the deposition rates of the magnetite films have also been included in Table 1 . The thickness estimated error, determined from the fit to two energies and two scattering angles and small density variation as composition changes, was of the order of 3.5%. The angular dependence of the magnetization was investigated at room temperature by high-resolution vectorial-Kerr magneto-optical measurements in a longitudinal configuration. MOKE hysteresis loops were recorded by changing the in-plane angular rotation of the sample, a H , keeping fixed the external magnetic field direction. The angular rotation, ranging from 0 to 3601 was probed at intervals of 4.51 with a maximum applied magnetic field of 110 mT. Table 1 ). The diffraction pattern shows a main peak at 42.591 which corresponds to the overlapping signals of the (004) The ICEMS spectrum of a stoichiometric Fe 3 O 4 thin film grown on 10 nm TiN buffered Si(001) (sample S1) is shown in the inset of Fig. 1 . The spectrum has been fitted in terms of two sextet components, as in bulk magnetite. The obtained Mössbauer parameters are included in , respectively. These values are close to those reported for bulk magnetite 7, 44 as well as for stoichiometric magnetite thin films. 5, 7, 19 In addition, the area ratio of the two sextets, 1.9, is the expected for stoichiometric magnetite. 44 In Fig. 2 , the Rutherford backscattering spectra of sample S1 recorded at a scattering angle of 170.51 and 2.0 and 3.045 MeV 4 He + energies are shown ( Fig. 2a and b, respectively) . The spectra Table 2 ). 
Result and discussion
parallel to the Si[100] orientation, the in-plane hysteresis curve displays an almost rectangular shape. This has the highest remanence
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The polar plots of remanence and coercivity are shown in Fig. 3b and c respectively. In Fig. 3b At this point, we suspect that the density, distribution and orientation of APBs, clearly dependent on the deposition process, as well as on the strains induced by the substrate, are the origin of the different magnetic easy axes found on (001) Nonstoichiometric magnetite can be grown by controlling the oxygen partial pressure during the deposition process 5, 9 or during further annealing of stoichiometric magnetite in oxygen or air atmospheres. 37 In our system, we have tuned the oxygen content by changing the content of O 2 + ions at the assisting ion beam keeping constant the other deposition parameters (see Table 1 ) to obtain non-stoichiometric films. We have denoted those samples S2, S3 and S4. Their respective ICEMS spectra, together with that recorded from sample S1 for comparison purposes, are presented in Fig. 4 . The Mössbauer spectra of samples S2-S4 have been analyzed in terms of two sextet components as mentioned above. In addition, a paramagnetic doublet has been included to fit more accurately the central part of the spectra. The fitting parameters are collected in Table 2 . The hyperfine parameters of both sextets are compatible with the presence of magnetite, however, the sextet ratio departs from the 1.9 ratio shown by stoichiometric magnetite indicating the non-stoichiometric character of the films. The sextets of the non-stoichiometric films show broader linewidths than those of S1, which could indicate a certain loss of degree of crystallinity.
The fitting parameters of the doublet used for samples S2, S3 and S4 are also included in Table 2 . The area of this doublet accounts only for 3-5% of the total area and the determination of its hyperfine parameters is affected by a large error due to the strong overlap with the other components. The isomer shifts show considerable variation from sample to sample ranging from pure Fe 3+ in sample S2 to a value which can be considered . 48 However, given the small intensity of the doublet, we have not considered the possibility of a more elaborated fitting including various paramagnetic contributions. From the area ratio of the two sextets (Fe 3+ ) A,B and (Fe 2.5+ ) B it is possible to obtain the vacancy parameter d:
where f A and f B are the recoil fraction of each cation site. The recoil free fraction of the two sites is very close but not identical and we assume a value of f B /f A of 0.94. 49 The evolution of the vacancy parameter with assisting ion beam oxygen content is presented in Fig. 5a . Starting from sample S1, which corresponds to stoichiometric magnetite, sample S2 shows a low vacancy parameter d E 0.01 which increases significantly to d E 0.06 and 0.05 for samples S3 and S4, respectively, which are clearly more oxidized. Since the spectrum of maghemite can overlap Fig. 4 Room temperature ICEMS Mossbauer spectra recorded from samples S1, S2, S3 and S4. The corresponding fits, whose parameters are shown in Table 2 , are also included.
with that of the tetrahedral Fe 3+ component of magnetite, 44 the presence of a small amount of maghemite in samples S3 and S4 cannot be discarded. Important information about the magnetic structure of the magnetite thin films can be derived from the analysis of the relative areas of the lines of the Zeeman sextets. The relative line area of a magnetically split sextet is 3 : x : 1 : 1 : x : 3. The x value depends on the angle between the incident g-rays and the hyperfine field (y) through the formula 4 sin 2 y/(1 + cos 2 y).
When the g-rays impinge perpendicularly on the sample surface (as in the present case), the x values may change from 0 (magnetization perpendicular to the film surface) to 4 (magnetization in-plane). A x value larger than 2 indicates a tendency to in-plane magnetization, which is precisely what is observed in all the present samples. This tendency seems to increase as the oxygen content at the assisting beam increases, since x reaches 2.2, 2.4, 2.7 and 2.5 for samples S1, S2, S3 and S4, respectively. In all the cases, however, out-plane components still remain. Fig. 5b shows the dependence of the growth rate of the iron oxide thin films as the oxygen content flow increases at the assisting ion source. The observed decrease as the oxygen content increases is the expected behavior as it was also found in other sputtering deposition processes of iron oxides 5 and other oxides. 50, 51 During sputtering the target atoms collide with atoms and molecules in the chamber before reaching the substrate. This results in a partial loss of energy and direction on their way to the substrate. As oxygen is a bi-atomic molecule its radius is larger than that of Ar and the sputtered Fe atoms suffer more collisions as the oxygen partial pressure is increased producing a decrease of the deposition rate. 50 In addition, the presence of reactive oxygen could result in the formation of an oxide layer on the target surface and this also reduces the deposition rate. 50, 51 Fig . 5c shows the evolution of the lattice parameter with the oxygen content at the assisting ion beam. We have plotted the values obtained from the peaks corresponding to (004) and (008) diffraction planes of Fe 3 O 4 . The observed decrease of the lattice parameter value can be an indication of a compressive strain reduction. However, since the lattice parameter of bulk maghemite, 8.351 Å, is slightly smaller than that of bulk magnetite, 8.391 Å, this would be also expected if a small amount of maghemite was present in the samples.
Finally, the oxygen concentration of the films, obtained by RBS, is shown in Fig. 5d . In this figure, for a better visualization of the results, the limits of the O/Fe ratio scale were set at 1.33 and 1.5 which are the values that correspond to magnetite and maghemite, respectively.
As expected, the O/Fe ratio increases as the oxygen flow at the assisting beam is increased.
The magnetic anisotropy of the nonstoichiometric Fe 3Àd O 4 thin films grown on TiN buffered Si(001) substrates has been also studied by the vectorial-Kerr magneto-optical effect in a longitudinal configuration and the results are summarized in Fig. 6 . Two hysteresis loops recorded at a H = 01 and a H = 451 for sample S4 (Fig. 6a) indicate that even under more oxidized conditions the strong fourfold anisotropy is preserved. a H = 451 is parallel to the Si[100] orientation and the in-plane hysteresis curve displays an almost rectangular shape with high remanence and coercivity indicating that the magnetization easy axis of the sample lies in this crystallographic direction as it has been previously observed for the stoichiometric magnetite film (sample S1). In order to compare the in-plane magnetic anisotropy of the films during oxidation, we have studied the dependence of coercivity on a H for samples S1, S2, S3 and S4 (Fig. 6b) . In all the samples a very-well defined in-plane fourfold symmetry is observed indicating the presence of cubic magnetocrystalline anisotropy with maxima of coercivity and remanence at a H = 451, 1351, 2251 and 3151. It can be also observed that the coercive field decreases at both the easy and hard axes as the oxygen content in the assisting beam is increased (Fig. 6c) . This evolution of the coercivity values seems to be related to the Fe vacancy concentration obtained by ICEMS, the O/Fe ratio obtained by RBS and the relaxation of the lattice observed by XRD. These results are in Table 1 ). The well-defined four-fold in-plane magnetic anisotropy found in all the samples seems to disagree with the x value found by ICEMS. In such a case, the x value should be close to 4 since values close to 2 indicate either a random direction of magnetization or a magnetization parallel to the [111] direction. 9 Voogt et al., 9 Margulies et al. 8 and Wei et al. 37 have also found similar x values in stoichiometric magnetite thin films. However, the origin of the anomalous out-of-plane component of the magnetization determined by ICEMS is not well understood yet. The increase of x with oxidation, also observed by Voogt et al., 9 suggests a decrease of the density of active APBs. Again, regardless of the particular mechanism involved, it is clear that the oxidized films maintain a high quality that provides well-defined magnetocrystalline anisotropy on Si(001) thanks to the TiN buffer layer.
Effect of TiN thickness
The TiN thickness dependence on the magnetic properties has been investigated by comparing the 5, 10 and 17 nm TiN buffered Si(001) substrates (see Table 1 ). In Fig. 7a the dependence of coercivity on the in-plane magnetic field angle for samples S2, S5 and S6 is shown. A well-defined fourfold anisotropy for the three TiN thicknesses studied in this work is observed. In order to compare the strength of the fourfold in-plane magnetic anisotropy, we have represented in Fig. 7b the ratio between the coercive fields at the easy and hard axes as a function of TiN thickness. High values of this ratio of E1.48 have been obtained for samples grown on 5 and 10 nm thick TiN buffer layers indicating that a TiN thickness as low as 5 nm is enough to obtain an epitaxial growth of the bilayer stack on Si(001). However, the ratio is slightly reduced to 1.43 for the sample grown on the 17 nm thick TiN layer, indicating a possible reduction of the film quality upon increase in TiN thickness.
Conclusions
We have integrated 
